Abstract: A dual cantilever device has been demonstrated which can operate as a force sensor or variable attenuator. The device is fabricated using physical micromachining techniques that do not require cleanroom class facilities. The response of the device to mechanical actuation is measured, and shown to be well described by conventional fiber optic angular misalignment theory. The device has the potential to be utilized within integrated optical components for sensors or attenuators. An array of devices was fabricated with potential for parallel operation.
Introduction
The use of Micro-Opto-Electro-Mechanical Systems (MOEMs) in integrated optics promises devices with improved performance, compactness and greater functionality. The cantilever is a common element within microstructures with mechanical properties that make it especially well-suited to function as a sensor or actuator [1] . MOEM devices using a single cantilever have been demonstrated previously, for example, where a moveable waveguide is displaced relative to a fixed waveguide. Ollier et al. fabricated an optical switch based on silica-on-silicon technology that used electrostatic switching to function as a switch between channel waveguides [2] . While single cantilevers provide a way to create devices, the use of dual cantilevers has been pioneered by Park et al. as a way of attracting cells to adhere to a cantilever, whereon they can be cultured and weighed using a resonance frequency method [3] . In another example of this geometry Xu et al. fabricated dual cantilevers in polymer, which also served as waveguides, in a device that functioned as an acoustic sensor [4] .
Various schemes are well known for transducing mechanical motion onto an optical signal. For example, a small mirror mounted on the cantilever will deflect a laser beam, an approach widely deployed together with quadrant detectors in atomic force microscopy. However, all free space optics are susceptible to their local environment, for example temperature, airflow, vibration, shock, etc., and a well-known advantage of integrated optics, beyond the simple factor of compactness, is robustness and reduced crosssensitivity. Thus, if the components for optical sensing can be integrated into the cantilever then this can have benefits for the performance and compactness of the device. The integration of optical components into a glass cantilever for force sensing has already been demonstrated by Zinoviev et al [5] . Carpenter et al. [6] incorporated two Bragg reflectors into a glass cantilever to create a cavity. In that work deflection of the cantilever caused a change in the optical path length of the cavity thereby modifying the optical spectrum which was used to determine the deformation.
Beyond sensing, fiber based variable optical attenuators have been demonstrated by Barber et al [7] . They used a voltage-controlled moving mirror MEMS device to achieve up to 50dB of attenuation. Ford et al fabricated a MEMS device which used a silicon nitride quarter wave plate to realize a variable reflective mirror [8] . Their device exhibited 25 dB of dynamic range with an insertion loss of 3 dB. Another area where the dualcantilever geometry is employed is in the domain of particle trapping. Constable et al. first demonstrated an optical light trap configuration comprising of only two optical fibers avoiding the use of any other optical elements [9] . They indicated that angular displacement of the fibers allows the trap position to be moved. Black et al. [10] further showed that translational displacement could be used to give controlled rotation of smooth muscle cells. As well as applications in biological science, Succo et al. demonstrated a monolithic implantation of a cold atom trap [11] using dual waveguides. A dual-cantilever version of this device could be used to provide better physical access for probing of the atom, and offers potential for microscopic adjustment of trap parameters. In this report, we describe a dual-cantilever device, fabricated and characterized for the first time in silicaon-silicon. The new devices in this work are larger in cross-section than conventional MEMS leading to greater bending stiffness and high resonant frequencies. While high stiffness requires greater force to actuate, it can be advantageous in providing better immunity to acoustic noise or vibration and thus can be desirable for attenuator, switching or trapping applications. Furthermore, in some MEMs applications in harsh environments, e.g. projectiles, accelerations of up 100,000g occur and more robust MEMs structures may have advantages [12] . The lack of free space optics combined with the potential for multiplexed sensing could make possible the use of this type of device in field applications.
Currently photolithographic techniques dominate in the fabrication of MOEM devices. While this fabrication approach has many benefits including parallel processing and small feature size, it requires access to cleanroom facilities, and such access to appropriate equipment can be expensive and be energy intensive. An alternative to lithography for fabrication is based on physical machining, and is developing rapidly as tools and systems become available. Mechanical dicing has been demonstrated in a range of materials and formats such as lithium niobate [13] and Nd:YAG [14] . In the dual-cantilever work in this study, we used the physical dicing technique which can give optical-quality surfaceroughness with low processing times. The surface quality of the machining technique has been previously demonstrated in silica-on-silicon photonics using the ductile dicing regime [15]. The dual cantilever arrangement shown in Fig. 1 consists of a neighboring pair of cantilevers with each cantilever containing a waveguide. The devices are fabricated in silica-on-silicon and the details of the fabrication will be described in detail later. When both cantilevers are deflected, this changes the relative angle between them and hence the coupling of light between the launching waveguide and the receiving waveguide. This section will describe the fabrication steps, as well as design considerations that affect the performance of the device. The underlying substrate is a silicon wafer of <100> orientation of 1mm thickness, providing a robust starting platform. The key techniques in the fabrication of the cantilevers are a micromachining process using a dicing approach and wet etch with potassium hydroxide. The optical glass is deposited onto the silicon substrate via Flame Hydrolysis Deposition (FHD). A thermally grown layer of oxide on the silicon wafer acts as an underclad layer and has a thickness of 15 µm. On top of this layer a core layer of silica glass is deposited using FHD and is doped with germanium and boron to promote photosensitivity. A cladding layer is then deposited which is doped with phosphorous and boron to provide a lower consolidation temperature relative to the core. After each layer is deposited it is consolidated in a furnace at temperatures between ~1200° C and ~1360° C. The channel waveguide will be later formed in the core planar layer. Although high temperatures are required during the fabrication of the substrate, other devices, such as MEMS, could be integrated upon the substrate but only post consolidation. The high processing temperatures result in a very physically and chemically robust platform.
Design and experimental realization
To create the cantilevers a Loadpoint Microace dicing saw was used to define 7 grooves through the silica and into the silicon. A nickel-bonded blade with a width of 100 µm impregnated with 4000 grit diamond abrasive was used (ZH05-SD4000-N1-50 KK). A plunge-cut mode was used which consists of the blade coming vertically downwards onto the workpiece without any translation. Fig. 2(a) shows the structure after the dicing steps. As plunge-cutting is more susceptible to blade breakage and top-edge chipping, optimization was required to avoid these issues. A plunge speed of 5 µm/s and spindle speed of 20 krpm were found to reduce chipping to an acceptable level. Due to the circular blade shape, the resultant grooves are crescent shaped with the silicon only being exposed at the center where the grooves are deepest. As seen in the image the exposed silicon at the center shows higher reflectivity than the exposed silica due to lower surface roughness and increased Fresnel reflection. This is illustrated by the graphic in Fig. 2a . Fig. 2a . The image shows an optical microscope (top-side) image of the glass cantilevers before etching. 7 parallel grooves are diced using a plunge method technique (labelled as A1-A7 on the image). The silicon substrate is observed in the middle of the grooves and highlights the crescent shape. A second channel (B) is diced at an angle of 8ᵒ from perpendicular to the previous grooves which was in a conventional non-plunge mode. Fig 2b shows the glass cantilevers after etching. The regions of exposed silicon are removed by the KOH etchant, resulting in the lighter coloured central regions. The overlaying optical cantilevers are essentially transparent but can be seen most clearly in the region of the central channel. Fig. 3 . Image shows a 3D visualization of the crescent shaped plunge-cut illustrating that the silicon becomes exposed only in the central region of each cut. This is important as the silicon etches much faster with KOH, so it is this exposed region that undercuts the overlying adjacent silica to create the cantilevers.
To create the dual cantilevers a second groove (B) is diced with a 15 µm width blade at an angle of 8 degrees from perpendicular to the previous grooves. Having the end facets of the cantilevers at this angle ensures that the reflected light exceeds the numerical aperture of the guide, which could lead to fringes in the measured spectrum. The previously reported direct UV writing process [16] is used to simultaneously define the waveguides and Bragg gratings. 9 Bragg gratings are written along the waveguide with various periods which will be used for characterization. The waveguides were written after the dicing but before the wet-etch described in the next section. Using the UV fluorescence from the sample, the waveguides and Bragg gratings were precisely aligned to the diced grooves. The thickness of the core FHD layer was measured using a Metricon prism coupling system to be 5.4 µm. This defines the vertical dimension of the waveguide core. The horizontal dimension is controlled by the UV writing spot size and the applied fluence. These parameters have been adjusted to match the mode size to standard single mode optical fiber and hence the mode field diameter at 1550nm is ~10um in the vertical and horizontal directions. The resulting waveguide is single mode which is confirmed by the single Bragg peaks observed during spectral characterization. This data also confirms that the waveguides have little birefringence and indicates that the two polarization modes have similar modal dimensions. This is also confirmed by modelling with a commercial modelling program Fimmwave (Photon Design Ltd). More details of this modelling and optical mode measurements can be found elsewhere [17, 18] . The dimensions of the cantilevers were designed such that the core mode was more than 17 µm away from any lateral surfaces to ensure that the mode was not affected by the external environment. Finally, the chip was wet-etched in 25% potassium hydroxide solution at 75ᵒC for 5 hours to preferentially remove the silicon and release the glass cantilevers from the substrate. A comparison of the device pre and post etching can be seen in Fig. 2 .
The cross-sectional area of the cantilever is 100µm × 40µm. The channel waveguide runs through the cantilever such that it is centered about the vertical and horizontal neutral axis. This minimizes strain induced refractive index and physical length variations upon actuation. [19] . Fig. 4 shows a Scanning Electron Microscope (SEM) image of the released cantilevers after etching. At the stage of wafer fabrication the glass layers are all under compressive stress due to the lower coefficient of thermal expansion of the glass compared to the silicon. In addition, stress in each layer of the glass differs due to the different doping levels and also their consolidation temperatures. For example the thermal expansion coefficients vary between ~5.5x10 -7 K -1 for pure silica, representative of thermal oxide, and up to 4.3x10 -6 K -1 for borophosphosilicate [20] . This differential is evident in Fig. 4 where upon release the micro-cantilevers deflect out of plane. Thus cantilever curvature can be controlled through a combination of layer thicknesses, cross-sectional form, or directly manipulating stress in the layers through changing dopant concentrations and consolidation temperature of the FHD process. The inset of Fig. 4 shows a side wall image of one of the cantilevers. The device was further characterized with a Zemetrics Zescope optical profiler and results are shown in Fig. 5 . These measurements show that the form of the intrinsic displacement was essentially the same for each cantilever. For the set of cantilevers the resultant intrinsic displacement after fabrication ranged from 5µm to 17µm for the shortest and longest devices respectively. Due to the 8º crosscut used to form the dual cantilevers, the cantilever pairs have varying levels of length mismatch. The main cause of variation in the form, is due to the position of the root which is affected by the KOH etching conditions. The limiting factors for the size of cantilever that could be produced by this method are the lateral positional accuracy of the dicing saw used and the physical strength of the machined ridge. Were the width of the cantilever to become too narrow the interaction between the optical mode and the sides of the cantilever would increase, risking additional loss. Fig. 5a shows deflection of each cantilever measured with the Zescope optical profiler. The length mismatch results in differing maximum displacements. Fig. 5b shows the same data but with the curves overlapped, effectively an isometric view of Fig. 5a . The shapes are very consistent with only a difference in final height between the curves.
A finite element simulation (FEM) model was run using COMSOL Multiphysics software. A three stage model was built that first simulates the thermal oxide and FHD glass depositions to simulate the thermal stresses that are built up once the consolidated glass layers are cooled to room temperature. The 3 rd stage was to model the out of plane deflections once the cantilevers are freed from the silicon substrate. The following values were used for the thermal expansion coefficients. Silicon: 2.5 × 10 To compare the model with the experimental data the out-of-plane deflection of cantilevers forming set 1 was studied. The model predicted 25 and 29 µm for the two cantilevers, while for the real device the deflections were 19 and 26 µm. It is believed that this difference is because the true coefficient of thermal expansion of the cladding layer is not known with high accuracy. However the reasonable accuracy of the model suggests that the biggest contribution to the bending is the higher thermal coefficient of expansion of the FHD cladding glass compared to the thermal oxide. 
Results and discussion
Having fabricated the dual cantilever containing waveguides and Bragg gratings, the loss was measured using an approximation of the grating based method [21] . The location and wavelengths of the Bragg gratings are shown in Fig. 7 . The optical spectrum of the device was measured in reflection using a broadband source and Optical Spectrum Analyzer (OSA) as shown in Fig. 8 . Polarization maintaining optical fiber components and a polarizer are used so that the two orthogonal polarization modes can be measured separately. Fig. 9 shows the spectra for the TE and TM modes. The reflectivity is normalized to the source power and includes the coupling loss due to the fiber-optic pigtailing. There is a loss between the cantilevers due to the Fresnel reflections at the two interfaces (calculated to be ~0.3dB). There is also loss from the lateral misalignment caused by the 8º interface and is calculated to be ~0.6 dB. The two gratings at 1585nm form a Fabry-Pérot cavity. The fringes from this are clearly visible in Fig. 9 but will not be used in this work. The effective indexes of the TE and TM modes at 1550 nm are 1.44823 and 1.44847 respectively. This birefringence is due to in-plane thin film stress caused by the mismatch in thermal expansion coefficients between the silica and silicon. This corresponds to birefringence of 2.36 × 10 . This effect is due to the stress-optic effect creating anisotropic refractive index, with the TM mode exhibiting a higher refractive index. Fig. 9 . Reflection spectra taken after dicing but before etching. The data shows the absolute reflectivity calibrated against a known fiber end reflection. Analysis of the peaks shows a wavelength shift due to birefringence of 0.28 nm.
After etching the cantilevers are released, without load the misalignment becomes large and effectively zero signal is seen from the gratings beyond the diced groove. This is to be expected as the dual cantilevers were all asymmetric in length and so without load sit at different heights. The robustness of the cantilevers allows them to be deflected using an external load thereby bringing the waveguides into alignment. In the next section measurements will be presented demonstrating this operation.
To test the optical response of the cantilevers to actuation, an optical fiber was used to deflect the cantilevers as it could be easily cleaved to give a perpendicular end facet, as well as benefitting from having a small diameter which restricts the contact area to be close to the ends of the cantilevers. The device was mounted on a flexure translation stage (Thorlabs 3-Axis NanoMax Stage) which allowed X, Y and Z positioning with sub-micron precision. Two modes of actuation are possible: to push both cantilevers simultaneously or to only deflect one as shown in Fig. 10(a) & (b) respectively. In this paper a positive displacement corresponds to the cantilevers being pushed into the plane of the device. Fig.  11 shows camera images of the device taken during the experiment. TE mode TM mode Fig. 11 . Camera images showing physical actuation of the cantilevers with an optical fiber pushing down on the cantilever with different heights of actuation. An optical fiber was used as it is only 125 micron and provides a stiff small cross-section rod. Fig. 12 shows a comparison of the TE spectra for the actuated and rest states. Upon actuation the two cantilevers can be aligned, such that light couples between them. This is observed in as upon actuation the Bragg reflections from both cantilevers can be seen. Those marked with the label 'A' are on the side of the device coupled to the optical fiber while those labeled 'B' are on the other side. The peak labeled 'C' is from the Fabry-Perot cavity whilst the grating giving peak 'D' is located in the cantilevers. There is also an increase of approximately 10 dB in the background level due to increased broadband Fresnel reflection from the facet of the second cantilever. Fig. 12 . The measured TE spectra of the device in the rest state (blue), and a deflected state (red). Actuating the devices increases the reflectivity of Bragg gratings opposite to the coupling side. As can be seen it also increases the background level by approximately 10dB. The Bragg gratings labelled with 'A' are on the side of the device coupled to the optical fiber while those labelled 'B' are on the other side.
The optical coupling between the cantilevers is determined by the angle between them. By measuring the transmitted intensity it is possible to measure the coupling. However by using the reflectivities of the Bragg gratings it is also possible to measure them in a way which is insensitive to fluctuations in source power and requires only coupling to one waveguide facet. Peak intensities are fitted to Gaussian apodized Bragg gratings (1555nm and 1565nm) on each side of the central cavity and used to give a relative reflectivity which is only dependent on the optical coupling between the cantilevers. The insertion loss at the maximum coupling point can be obtained by measuring the spectrum from both ends of the device. [21] . The measured minimum coupling losses were 2.4±0.1 dB for the TM mode and 2.8±0.2 dB for the TE mode. The data suggests that there may be a greater loss for the TE mode, but as the difference is only 1.7σ this may not be statistically significant. The slightly greater numerical aperture of the TM mode, due to birefringence, may contribute to this difference. Fig. 13 shows the coupling as both cantilevers are pushed simultaneously. The zero value for translation is obtained by fitting the quadratic misalignment loss curve after the experiment. It can be seen that the optical coupling goes through a maximum which occurs for a certain angle between the cantilevers. This is expected to be 0º, however error in the angle of the facets from the fabrication processes may give an offset. The geometry is related to the problem of loss due to angular misalignment between two fibers [22] . Here the misalignment angle is taken to be twice the angle of rotation of a single cantilever. The loss in dB is given by eq (1). 
 
Here α a is the loss in decibels, n l is the refractive index of the medium between the fiber ends, θ is the angle of misalignment, λ 0 is free space wavelength and w is the spot size of the mode. This loss figure (given in dB) is derived from the overlap integral of the mode exiting a first fiber being coupled into the input mode of a second fiber. The mode size w of the UV written waveguide, is approximated as 5 µm which is similar to SMF28 single mode optical fiber.
Actuating a single cantilever was also accomplished, and similarly, shows a coupling peak as seen in Fig. 14 . The peak is asymmetric once the actuated cantilever moves below the second cantilever, which suggests coupling from cladding modes back into the core mode. This is thought to be as a result of the curvature of the cantilevers and the angled interface of the receiving cantilever which remains deflected due to the intrinsic stress. Once the deflected cantilever is below the receiving cantilever coupling is still possible due to refraction and scattering resulting in an asymmetric peak. The sensitivity of relative reflectivity to translation over the central 10 µm of the fitted model is 0.16 dB/µm. Fig. 14 . The relative reflectivity response of a single cantilever translation also showing a point of maximum coupling for the TE mode. It is however less symmetric which suggests that there is coupling to the fundamental mode through cladding modes and due to the lack of verticality of the receiving cantilever end facet. Scatter may also contribute to this asymmetry.
The experiment was also carried out using the transmitted intensity. For this experiment the device was pigtailed with optical fibers at both ends of the waveguide using UV curing glue. The spectra are shown in Fig. 15 and again show good agreement to the theoretical coupling efficiency. This experiment was then repeated with the device covered with refractive index oil of n = 1.46. This modifies the gap refractive index and shows the expected change of making the peak narrower with a higher transmission (1.13 dB) as the Fresnel reflection is reduced. Furthermore, diffraction is reduced in the higher index oil leading to a narrower width. In addition the higher refractive index of the oil will tend to strip cladding modes reducing excitations at larger displacement. The deviation of the experimental data from the model is observed at larger displacements corresponding to lower light levels at 15 dB below the peak transmitted signal due to both background scatter and excitation of cladding modes. This effect was not observed in the reflection data of Fig. 13 due to the high return loss of the device. 
Conclusion
A new approach of fabricating dual cantilever devices has been demonstrated, utilizing precision dicing technology, direct UV writing and selective wet etching. The approach makes use of physical micromachining techniques that do not require cleanroom class lithographic and etch facilities. The devices are shown to operate in a mode suitable for a displacement sensor or with the addition of an actuator, such as a piezo-electric, a MOEMS variable attenuator. By investigating the response of the device to actuation with an optical fiber we have shown that the mechanical-optical behavior of the device is well described by conventional fiber optic angular misalignment coupling theory.
The device contained an array of four dual-cantilevers, demonstrating potential for creating parallel arrays for switching or sensing applications. The signals from these arrays could be wavelength multiplexed with the use of Bragg gratings. Each cantilever contained nine discrete Bragg gratings, so the overall device incorporates many integrated elements on a single chip. These devices offer potential for use in switching, optical attenuators, and optical trapping. Their greater stiffness makes them attractive for use in harsh environments, and they may be embedded in composite materials where the higher required actuation forces are readily achievable. Furthermore, as they are waveguide devices they avoid the alignment issues inherent in free space measured structures. 
